In this paper, the burning rate of solid propellants under strains was investigated. In particular, the variations of burning rate at a deformation of 20% or less was measured using a novel apparatus. The results showed that the burning rate increased with increasing strain, but such increase became stable if the strain was increased to a threshold value. In addition, a quadratic functional correlation could be drawn between the burning rate ratio and strain, which was in agreement with the theoretical analysis.
Introduction
With the development of the propulsion technology, the size of solid rocket motors has increased. Accordingly, the charge configuration is more complex, and the propellant is subjected to greater loads during the production, transportation, and launch of the motor. Loads can make propellant grains generate stress and strain internally, leading to changes in the charge combustion and engine ballistic performance. This can finally cause a solid rocket motor to work improperly. It is therefore necessary to study the burning behavior of the composite propellants under strain.
The solid propellant is a typical composite. The different mechanical properties of the group elements may cause structural damage, debonding, and crack under loads. The destruction of integrity can result in significant changes in the ballistic parameters of the rocket motor, causing catastrophic consequences. So far, numerous studies on the tensile crack and debonding phenomena of composite propellants have been carried out. The variations of the propellant properties have been investigated under the tensile conditions. For example, Belyaev et al. 1 conducted a theoretical analysis on the influence of crack. It was found that both flame propagation rate and pressure gradient were affected by the crack width. Subsequently, the elongation equation was obtained with glass balls by Smith. 2 The elongation change of hydroxyl-terminated polybutadiene (HTPB) propellants under a strain rate of 103-104 s À1 were studied by Kawata 3 at room temperature. The results showed that the destruction mechanism can vary under different tensile rates. The effects of stretching rate (0.5-500 mm/min) and test temperature (25-70 C) on the maximum tensile strength m and maximum elongation rate " m of the nitrate ester plasticized polyether (NEPE) propellant were investigated by Guo et al. 4 The influence of slow strain rate on tensile properties of the HTPB composite solid propellant was also investigated using the one-way stretch and scanning electron microscope (SEM), and the damage mechanism of the HTPB propellant under the different tensile rates was analyzed by Wang et al. 5 The two distinct stages and the crack propagation for the tensile fracture behavior were studied by Song. 6 The binder around the filler particles first produced cavities due to stress concentration with increasing stress, and then the cavities increased due to the interface between particles and binders, leading to a ''debond'' behavior, which was a typical macroscopic crack. The study by Bencher 7 has shown that in the external load, the ''debond'' can occur in the interface between the particles and the matrix of the propellant, causing a nonlinear change in the mechanical properties. For the combustion aspects of the cracked propellant, Godai 8 experimentally investigated the flame propagation in the narrow fine cracks, and found out that the critical crack width was a function of the burning rate. The flame propagation and combustion in the cracks were also studied by Kumar. 9 The results showed that the growth rate in ignition flame peak increased and reached the maximum near the crack inlet, then slowed down near the crack apex, and the maximum propagation rate increased with the increase in the combustion chamber pressurization rate (or propellant burning rate). This study also showed that the maximum pressure in crack cavity increased with the increase in burning rate, but reduced with the increase in interstice width. A large number of combustion experiments of polysulfide and HTPB propellants with cracks and debonds were conducted by Xing et al. 10 It was revealed that the gas pressurized gradient, shell stiffness, and defects of geometry were the main factors governing the expansion of cracks. For this aspect, Norman 11 pointed out that the local burning rate of solid particles in the composite propellants followed the Arrhenius law, and the thermal feedback was a complex three-dimensional process.
Since the combustion behavior of propellants under stress state can cause significant change in the motor ballistic performance, in this paper, the theoretical analysis on the combustion characteristics for the composite propellants under deformation conditions will be conducted, the combustion performances under strains will be investigated using experimental measurements, and then the two results will be compared.
Derivation of burning rate variation equation under stains Assumptions
Under the strain conditions, the solid propellant burning rate can considerably change, which further affects the ballistic performance. A linear function with deformation under strains was deduced by Liu.
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Based on their result, we propose a model characterizing the effects of strain on the propellant burning rate.
In order to establish the theoretical model of the solid propellant burning rate variation with strain, the following assumptions were made.
The oxidant has the single particle size and uniform distribution. Propellants are undertaken by the small strain state; debonding of oxidizer and binder cannot occur; and propellant surface is not convex. If the propellant was burned, it can be obtained from the mass conservation law
where m p , m 1 , and m 2 are the quality of the propellant, binder system, and fuel particles combustion, respectively. From a macro point of view, in the infinitesimal time dt, there exists the following relationships
where 1 and 2 are the volume fraction of the binder system and fuel particles, respectively, 1 and 2 are the density of the binder and density of the particles combustion, respectively, r 1 and r 2 are the burning rate of the binder and combustion particles, respectively, and p and r p are the density and burning rate of the propellant, respectively.
Derivation of the burning rate variation equation
If a load is applied to a solid propellant, then 
If the front three parameters of the right-hand side in equation (6) 
If the solid propellant is burned, there are two separate physical and chemical processes, namely the thermal destruction and the mechanical damage of the propellant. Here we assume that in the combustion process, the destruction rate of the propellant caused by temperature and stretching is the same, i.e.
where k 0 is the pre-exponential factor of the thermal destruction reactions;
is the exponential factor of the tensile damaging effects; U 0 is the activation energy of the thermal damage.
Considering that a thin layer polymer binder is heated, the one-dimensional equation of the heat exchange can be expressed as
The boundary conditions for this equation are:
0 is decomposition rate of the binder, l 1 0 , c 1 0 , 1 0 , and Q 1 0 are the thermal conductivity, specific heat capacity, density, and heat release of the binder under the tensile force, respectively, and T s and T 0 are the burning surface temperature and initial temperature of the propellant, respectively.
The decomposition rate of the binder under strains can be obtained from equations (8) and (9) 
For the situations without strains, 1 (10) can be changed to
In the case of the sufficiently uniform propellant, the radial average strain " 0 and the average Poisson's ratio 0 can be introduced. Because the effect of tensile force in small strain state is very small and can be ignored,
So, if the propellant shows a radial stretching, the axial average strain of the propellant is
The following can be obtained by equations (7), (10), (11), (12) , and (13)
In the equation,
, and
According to the Taylor's formula, equation (14) can be expanded and simplified as follows
As the effects of strain on the burning rate under the deformation is less than 20%, the value of " 0 in equation (15) is small and, therefore, the high-order term is very small. Accordingly, the effect on burning rate can be negligible. So, equation (15) can be simplified as
where
Equation (16) shows that in the small strain state (fuel particles has not yet caused the structural debond damage) the correlation between burning rate and strain can be converted into the quadratic function.
The experiments for burning rate under strains Experimental devices
We have designed an experimental apparatus based on the principle of the target line method to measure the burning rate. In this apparatus, the charge is processed into a shaped sample, which can be easily used as a slot to clamp. The propellant sample can generate tensile strains by moving the slot. The burning rate can be measured under different strains and pressures. A schematic of the experiment is shown in Figure 1 .
The charge sample is processed into a shape (Figure 2 ), which can produce tensile strains by using the card slot gripping. Propellant sample stretching device ( Figure 3) is placed in the combustion chamber.
The charge will be put into a shaped sample according to the design size, and fire-retardant coating on its surface, in order to ensure that the propellant is burnt by the parallel layers. The propellant sample is fixed in the slot, and the adjusting bolt is rotated according to the experimental requirements so that the propellant sample reaches a predetermined strain.
The ignition wire and two target lines are connected to the corresponding electrodes to ensure the connectivity between the ignition circuit and test line ( Figure 4 ).
Propellant formulation
In the present study, propellant formulations are shown in Table 1 . Samples 1 and 2 have the same composition but different burning rate catalyst. The HTPB content of sample 3 is less than 1 for that of samples 1 and 2, but the corresponding aluminum content of solid particles is higher.
Experimental conditions
The experiments were conducted for a pressure of 4 MPa, 6 MPa, and 8 MPa, respectively. Because of the size limitations of the experimental apparatus, the sample deformation is set to 0, 10%, 15%, and 20%. The experimental data are measured under each pressure and strain.
Analysis of the results
The burning rate of samples obtained by the above experiments are shown in Tables 2 and 3 .
From Tables 2 and 3 , it can be seen that the burning rate under 20% deformation increases 1.219 mm/s than 10% deformation, the burning rate under 10% deformation increases 1.132 mm/s than that without deformation according to the burning rate changes of sample 1 in 4 MPa. The burning rate increment of the three samples under 4 MPa, 6 MPa, and 8 MPa can be drawn: In 0 to 20% deformation range, the burning rate increment did not change considerably, namely debond and large crack did not occur between the solid particles and binder contact surface in the composite propellant sample.
It is noted from the previous studies 7-9 that the burning rate of the composite propellant depended heavily on pressure, and the rate tended to increase with pressure. From Tables 2 and 3 , it can be seen that the burning rate of the composite propellant used in this paper increases with increasing pressure under the same strain conditions. Furthermore, for certain pressure conditions the relationship between burning rate and strain obeys the empirical formula that reflects the effect of pressure, i.e. r ¼ F P, " ð Þ. In order to directly reveal the relationship between the burning rate and strain, a new variable 13 has also been defined: burning rate ratio r 0 =r, which is the ratio of the burning rate with strain and without strain conditions for the same pressure. For a certain pressure, by fitting the burning rate ratio of the three propellants by using a quadratic function in the experimental curves, a correlation between burning rate ratio and strain can be expressed as Table 4 shows the coefficients of the quadratic function for the fitting curve.
As seen, the burning rate increases with increasing strain, and a quadratic function is fitted to the experimental results with high accuracy. The correlation degree between the fitting curve and the experimental curve is greater than 0.999. From the table, for the three propellants, the changes of each coefficient with the pressure are small in equation (16) , and it can be concluded that the main factor governing the change in the degree of burning rate is strain whereas the effect of pressure can be ignored, as shown in Table 5 .
From Table 5 , the correlation between the propellant burning rate and strain is obtained Table 3 . Burning rate of propellant under strains.
Sample no. 
For sample propellants 1 and 2, if the influence of strain on burning rate is described by equations (18) and (19) , the error is small (<1%). For a certain pressure, the quadratic coefficient value a 2 is small, and the second term has little effect on the burning rate ratio r 0 =r. For # 3 propellant, its quadratic coefficient a 2 is large; if the strain is large, the quadratic term will have a certain degree of influence on r 0 =r.
Influence of some parameters on burning rate ratio
Equation (16) shows that calculations of the burning rate ratio are affected by several parameters under a certain strain state. Further analysis on the influence of various parameters on the calculation results will be carried out in this section. Poisson's ratio 0 of the composite propellant is 0 to 0.16. 14 U 0 is the activation energy of thermal damage and is 130 kJ/mol, 15 is the structure sensitive factor, E 1 is the modulus in the rubbery state and is taken as 106 Pa, k 1 is the pre-exponential factor of the stretching damage effects and can be calculated using k 1 ¼ 0À1 according to the tensile strength, which is in the range of 0.4-0.8 MPa, 15 and U 1 is the broken activation and is taken as 76-90 kJ/mol. 16 The surface burning temperature T s of the two propellant samples is 1100 K, and k 0 is the pre-exponential factor of heat damage reaction and is 728.42 s À1 .
17,18 Table 6 shows the value of these parameters. Based on equation (16), it is demonstrated that the effects of deformation, fracture activation, Poisson's ratio energy, volume fraction of binder, and tensile strength on r 0 =r are 36.4%, 5.4%, 4.3%, 3.4%, and 2.7%, respectively, whereas the effects of other parameters are negligible. Figure 5 shows a linear relationship between burning rate ratio and 0 , and the linear coefficient is 0.999.
The change trend of burning rate ratio r 0 =r with b 1 has been calculated without changing other parameters. Figure 6 shows that the linear coefficient is 0.9979. As seen, on increasing the aluminum content in the propellant or reducing the propellant binder content, the mixing ratio becomes large. On the one hand, on increasing the aluminum content or decreasing the binder content, from the view of mechanical properties, the propellant will lead to the deterioration of ductility. If the propellant is burning, the large size of cracks and cavities will occur in the case of large external pressures, which can cause the possible flame penetration. On the other hand, the increase in the aluminum content and the decrease in binder content can cause a nonlinear relationship between solid particles and binder. Such nonlinear change can further lead to the thermal decomposition of HTPB, implying a great change in the burning rate.
The change trend of burning rate ratio r 0 =r with 0 has been calculated without changing other parameters, as shown in Figure 7 . For the calculations, the coefficient is 0.9983, and the burning rate ratio decreases with the increase in the tensile strength. With the decrease in the tensile strength, the failure can occur in two phases, the cracks can be fully extended, and the change in the burning rate is significant.
According to the activation definition, only the collision molecules with energy exceeds the activation energy required to react, which means the larger the breaking activation energy of the propellant, the lesser is the risk of rupture. Figure 8 shows that under the tension state, the larger the breaking activation energy, the smaller is the damage rate, and the greater is the burning rate ratio. Mechanism of burning rate under strain Influence of stress-strain
The studies on the changes of combustion performance under strains were carried out by many researchers. Lu et al. 18 found that the pressure determines the size of flame height under the tensile strains, if the crack width is twice greater than the height of flame. Through a tensile test, Zeng et al. 19 found that a hole occurred between the small solid particles and the binder of HTPB propellants under strain, the coupling gel filaments were stretched in the two-phase interface. The aforesaid studies show that the solid propellant under small strain could have some small interstices; however, the flame cannot jump into them because of the small interstice width. The microstructure of the composite propellant under tensile state was measured by using acoustic emission (AE) signal method by Yang et al. 20, 21 It was found that if stress was large enough and reaction time was long enough, damages such as cracks in the grain boundary began to appear. In the present study, a SEM image of the entire tensile process from the beginning to destruction of the tensile simple is shown in Figure 9 .
As shown, in the initial tension, deformation of the substrate is not very apparent. If the stretch is 3 mm, the drawing phenomenon of the substrate is observed apparently. In the stretching process, at first the damages appear where the defects such as holes and debonding can be observed, and the extent of damage is significant than elsewhere. Subsequently, the holes have grown and combined, and is particularly evident.
Micro-topography observation of #3 propellant under tensile strain
In this paper, based on the SEM observation of sample 3 under different deformations, it is studied if the microcracks will occur in binder when the sample is under tensile state.
To observe the structural changes under strains, a small tensile fixture is designed where the fixture scale is less than 30 mm, and the tensile strain can precisely be controlled. The microstructure changes are studied under a strain of 0%, 17%, 23%, and 45%. Figure 10 shows the tensile fixture used in the experiments. Figure 11 shows the SEM photographs under different strains.
The SEM images show that the propellant surface is smooth if the tensile deformation is 0%. If the tensile deformation is 17%, these cracks occur mainly between the solid particles and the binder. If the tensile deformation is 23%, the crack between the solid particles combines with each other to form large cracks and interstice where the crack diameter is 35 mm. If the tensile deformation is 45%, the cracks between the particles and the binder continue to expand, and even the debond appears between the solid particles and the binder.
For the tensile deformation of 23%, the SEM photographs under the different magnification are shown in Figure 12 . The SEM photographs of the binder are shown in Figure 13 .
The mechanism of burning rate under strains It can be found by the SEM observations that for the HTPB propellant, the holes can be generated between the solid particles and binder under the small strain, and the coupling gel filaments in the two-phase interface are stretched and the binder becomes loose after stretching. Such microstructural changes lead to an increase in the burning rate. If the tensile strain is less than 20%, the large macroscopic cracks and debonding do not occur between AP and HTPB, but the internal structure of HTPB becomes loose after stretching. In the case of a constant pressure, the flame height is relatively stable, and the decomposition rate of AP is not changed. However, the microstructure of HTPB becomes loose and can lead to the increase in decomposition rate of HTPB. As a result, HTPB approaches the AP particles and quickly decomposes the gasification. As illustrated in Figure 14 , the HTPB in the gray areas can accelerate the decomposition and reaction rate, leading to the decrease in the contact area between AP particles and the binder, which can increase the burning area of the AP to some extent. In addition, these combined effects are more effective in increasing the burning rate under a small tensile strain. On the other hand, the macrocracks and holes can form between the solid particles and the binder. Meanwhile, the continuously generated microcracks can intersect to form larger cracks with increasing strain, and form dewetting with the solid particles. This structural change results in the burning surface flame that spread into the large cracks and, eventually, to form dewetting implying a fast increase in the burning rate, which is consistent with the present theoretical analyses. Here, it is also indicated that if strain increases, the macroscopic cracks will occur, and the deterioration of mechanical properties will cause the structural damage between the fuel particles and the binder. This could result in the unstable combustion behavior, and the burning rate variation will be complex, therefore the present model may not be applicable.
Based on the above experimental results and proposed mechanism, it can be summarized that with the change in mechanical properties, the small cavities can occur in the binder due to the deformation. Subsequently, the cracks and interstice increase, and dewetting forms between the AP particles and binder with strain resulting in a decrease in the contact area. On the other hand, the internal structure of the binder becomes loose, the decomposition rate accelerates, and HTPB close to the nearby AP particles quickly decomposes the gasification, which increases the combustion area of AP to some extent. Finally, the accumulation of the above effects can result in the increase in burning rate of the composite propellant under the small strain.
Conclusions
The combustion behavior of the composite propellant under strains has been theoretically analyzed. The burning rate at a strain of 20% or less has been investigated experimentally. Based on these theoretical and experimental results, we can draw the following conclusions:
1. Under a small strain state, the change in burning rate can be converted to a quadratic function in relation with strain. 2. The designed experiment device can be reliably used to measure the burning under a strain of 20% or less for a certain pressure. 3. The burning rate under strain is larger than that without strain, but the increase in burning rate cannot lead to sharp changes. There is a quadratic relation between burning rate ratio and strain, which is consistent with the theoretical analysis. 4. For samples 1 and 2, basically there is a linear relationship between burning rate ratio and strain. If the pressure is 8 MPa and 4 MPa, respectively, the burning rate ratio of samples 1, 2, and 3 differed from 0.64%, 0.45%, and 0.78%. 5. The larger the strain is, the larger the change in burning rate is, which is also consistent with the experimental results. 6. With the increase in the fracture activation energy, the burning rate ratio also increases. 7. The impact of Poisson's ratio is 4.3%, and the impact of volume fraction of the binder is 3.4%. If the burning rate increases, the impact of tensile strength is 2.7%, but on increasing the tensile strength, the burning rate ratio decreases. 
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
